In this study, a hybrid material composed of metalloproteins and nanoparticles was fabricated by the enzyme precipitate coating method to enhance the intensity and stability of the signals in bioelectronic devices. Formation of the material and immobilization on a gold substrate were confirmed by scanning electron microscopy and atomic force microscopy, for which the results were compared against those of metalloprotein-capped nanoparticles not subjected to the method. The electrochemical properties and stability of the hybrid material and those of metalloproteins without nanoparticles were compared and investigated by cyclic voltammetry. The experimental results indicate that the hybrid material enhanced electrochemical signals and had high stability. Thus, the method used in this study could be broadly applied as an alternative to fabricate bioelectronic devices, so as to overcome the problems of low signal intensity and stability in such devices.
INTRODUCTION
Recently, bioelectronic devices have rapidly become more advanced due to progress in nanotechnology and biotechnology. 1 2 The use of biomolecules as functional materials for bioelectronic devices has drawn interest because of their unique functionalities. In contrast to conventional organic and inorganic materials, they allow for high efficiency, specific recognition, and the formation of self-assembled structures. [3] [4] [5] However, conventional bioelectronic devices have several disadvantages, such as poor signal intensity and poor stability, because of the original properties of the biomolecules. Biomolecules are more easily inactivated by environmental factors than are other materials because they are specifically optimized for physiological conditions. In addition, sensitive signal measurement using biomolecules is difficult because it is performed on a twodimensional solid substrate with limited space. 6 Our research group has focused on the use of metalloproteins as a functional biomaterial. In our previous studies, we developed various types of bioelectronic devices for information storage based on the electrochemical * Author to whom correspondence should be addressed.
Email: jwchoi@sogang.ac.kr Received: 7 July 2014 Accepted: 25 October 2014 signals of metalloproteins. 7 8 However, such devices also have limited signal intensity and low long-term stability. Metalloproteins immobilized on a gold substrate can be easily inactivated by operating conditions such as the room temperature, electrical potential, and electrolyte solution. In addition, the electrochemical reactions of metalloproteins proceed closest to the electrode surface; thus, an increase in the amount of metalloproteins by vertical stacking does not result in enhancement of the signal intensity. Therefore, another approach to enhance the signal intensity and stability is required to develop practical bioelectronic devices.
On the basis of results from other studies, we introduced gold nanoparticles (GNP) in this study to enhance the electrochemical signals of cytochrome c, a wellknown metalloprotein. [9] [10] [11] [12] We also used the enzyme precipitate coating (EPC) method to fabricate a hybrid material composed of a thick cytochrome c shell and a GNP core to improve long-term stability. [13] [14] [15] [16] Encapsulating cytochrome c in the hybrid material can maintain its activity by preventing exposure to harsh conditions in the outer environment. On the basis of these two concepts, the signal intensity and stability of cytochrome c can be improved.
Formation of the hybrid material through the EPC method was confirmed by atomic force microscopy (AFM) and by scanning electron microscope (SEM). 
Fabrication of the Hybrid Material
Through the EPC Method GNP solution (50 nm) dissolved in DI water was initially concentrated by centrifugation, and the reaction buffer was then changed to pure methanol for the reaction with the chemical-capping reagents. Thioglycolic acid (300 l) was added to the GNP solution (1 ml) for surface modification with carboxyl functional groups, and the resulting solution was incubated for 12 hr at room temperature. The fabricated carboxyl-terminated GNP was purified by centrifugation with pure methanol. Washing was repeated three times, and the buffer was then changed to DI water for the reaction with cytochrome c. Finally, the modified GNP solution was preserved in a hot oven to remove the remaining methanol in the solution.
Cytochrome c was dissolved in DI water to a concentration of 1 mg/ml. To fabricate cytochrome c-capped GNP (cytochrome c/GNP), cytochrome c solution was added to prepare surface-modified GNP solution, for 2 hr at 4 C. Subsequently, the reacted solution was washed thrice with DI water.
To clean the gold substrate for the immobilized cytochrome c/GNP, piranha solution was prepared from sulfuric acid and hydrogen peroxide (5:1 volume ratio). After the substrate was cleaned with piranha solution for 3 min at 70 C, it was washed with pure ethanol and DI water to eliminate impurities on its surface, and then dried with nitrogen gas. The cleaned gold substrate was immersed in 10 mM 6-MHA solution to form a precursor layer for binding the hybrid material by electrostatic interaction. The prepared cytochrome c/GNP was immobilized on the 6-MHA-modified gold substrate for 3 hrs at 4 C. After reaction, the substrate was washed with DI water to remove physically adsorbed residues.
To fabricate the hybrid material through the EPC method, ammonium sulfate was added to the cytochrome c solution (1 mg/ml) to a final concentration of 40% (w/m), and glutaraldehyde solution was added to a final concentration of 0.5% (w/m). After the solution was incubated for 30 min at 4 C on a shaker, cross-linked cytochrome c was immobilized on the cytochrome c/GNP-modified gold substrate for 4 hr at 4 C. After reaction, the substrates were washed with DI water. Finally, a hybrid material composed of cytochrome c and GNP on a gold substrate was obtained through the EPC method.
Verification of the Formation of the Hybrid
Material by AFM and SEM AFM was utilized to verify the formation of the hybrid material. A gold, substrate was used to immobilize the hybrid material. During the experiment, the scan size for the sample was 1 m and the scan rate was 0.5 Hz. A field emission scanning electron microscope was used to confirm the topology of the sample.
Confirmation of Electrochemical Properties
In this study, the electrochemical properties of the fabricated hybrid material were confirmed by using an electrochemical potentiostat (CHI 660, USA). PBS solution (pH 7.4) was used as the electrolyte solution for the experiment. Initially, verification of signal enhancement was performed by CV. Measurements were done using a three electrode system consisting of a platinum electrode and silver/silver chloride double junction (Ag/AgCl) electrode as the counter electrode and reference electrode, respectively. The gold substrate modified with the prepared solutions was used as the working electrode. The potential range for the CV measurement was 0.6 to −0.2 V. The sensitivity, scan rate, sweep segments, and sample interval were 1 × 10 −6 A/V, 0.05 V/s, 10 segments, and 1 mV, respectively.
RESULTS AND DISCUSSION
In the case of the conventional bioelectronic device, metalloprotein was immobilized on the gold substrate via a chemical linker. The generated electric field in this case was confined to the outer surface of the gold substrate because of the thin layer of metalloprotein. Furthermore, the metalloprotein was easily inactivated because of its exposure to harsh conditions. Therefore, measurement of the electron-transfer property induced by the metalloprotein was difficult. Introduction of GNP could thus be done to overcome these limitations of conventional bioelectronic devices. As a mediator, GNP can expand the electric field through its conducting property, thereby enhancing Figure 1 . Because of this stack, the cytochrome c shell in the interior was protected by the cytochrome c on the outer surface. Therefore, there was enough activated cytochrome c on the electrode to improve the stability of the fabricated hybrid material.
Confirmation of Fabrication of the Hybrid Material
Fabrication of the hybrid material by EPC was verified by SEM and AFM results are presented in Figure 2 . Figures 2(a) and (b) display the SEM images of cytochrome c/GNP and of the hybrid material, respectively. In Figure 2(a) , the size of cytochrome c/GNP is ∼100 nm, and the spherical sample in Figure 2 (b) (∼420 nm size) is larger than that in Figure 2 shows cytochrome c/GNP immobilized on gold substrate. The diameter range of cytochrome c/GNP is 75-100 nm. Figure 3 displays cyclic voltammograms of the fabricated samples immobilized on the gold substrate. In the case of the bare gold substrate, no redox potential peaks were observed. To verify the enhancement of electrochemical signals, cyclic voltammograms of cytochrome c and the hybrid material were compared. The current values at the oxidation and reduction potentials of cytochrome c 
Electrochemical Properties of the Hybrid Material

Stability Tests on the Hybrid Material
To investigate the stability of the hybrid material, CV was performed for 500 cycles. and that for the reduction potential decreased from 2.13 to 2.16 A. The decrease in the ratio of current values for cytochrome c was 30.4% and 41.3% at the reduction potential and the oxidation potential, respectively, and those for the hybrid material were 0.4% and −1.4%, respectively. These results reveal that the hybrid material possesses improved stability compared with cytochrome c.
CONCLUSION
In this study, the hybrid material composed of cytochrome c and GNP was fabricated by the EPC method to enhance electrochemical signals and long-term stability. Formation and immobilization of the hybrid material were verified by SEM and AFM. The electrochemical properties and stability of the hybrid material were investigated by CV. The experimental results show that the hybrid material enhanced the electrochemical signal and improved stability compared with cytochrome c. In conclusion, the method used for hybrid material fabrication in this study could be broadly applied as an alternative to fabricate bioelectronic devices and to overcome the problems of low signal intensity and poor stability in conventional devices.
